Introduction
Activation of the NF-kB pathway plays a crucial role in the proliferation and transformation of HTLV-I infected T cells (Robek and Ratner, 1999) . Tax acts at multiple levels to initiate and maintain a permanent NF-kB activation (reviewed in Sun et al., 2000) . A critical step is the recruitment of Tax to the IkB kinase (IKK)-g regulatory component of the IKK complex. Tax/IKK-g association leads to activation of the IKK-a and -b kinases resulting in IkB phosphorylation, ubiquitylation and proteasomal degradation. The precise subcellular localization where these events occur and their molecular requirements remain largely unknown.
Tax displays a dual nuclear and cytoplasmic localization. In the nucleus, Tax is predominantly located in RelA-enriched nuclear bodies (Bex et al., 1998) . In the cytoplasm, a substantial fraction of Tax lays in perinuclear speckles, adjacent to the centrosome or microtubule organizing center (MTOC), in close association with the cis-Golgi compartment (Nejmeddine et al., 2005) . Tax targets the centrosomal protein Tax1BP2, causing centrosome amplification, genomic instability and aneuploidy (Ching et al., 2006; Nitta et al., 2006; Pumfery et al., 2006) .
The activity of several transcription factors is regulated through ubiquitin-mediated proteolysis. However, ubiquitylation of some transcription factors (reviewed in Conaway et al., 2002) increases their transcriptional activity in a degradation-independent manner. We and others have shown that Tax is ubiquitylated (Chiari et al., 2004; Peloponese et al., 2004) . We also showed that Tax ubiquitylation on C-terminal lysines is critical for both Tax binding to IKK and for the nuclear translocation of RelA (Nasr et al., 2006) . In addition, we and others showed that Tax is post-translationally modified by small ubiquitin-related modifier (SUMO) in the nucleus and that sumoylation is critical for the formation of RelA-enriched Tax nuclear bodies (Lamsoul et al., 2005; Nasr et al., 2006) .
In this study, we investigated the molecular determinants involved in Tax association to IKK. We demonstrate that Tax binds IKK in a centrosome-associated signalosome, while it was no more associated to active cytosolic IKK complexes, and that IKK targeting to the centrosome depends on Tax conjugation to K63-linked ubiquitin chains.
Results

Tax induces perinuclear delocalization of endogenous IKK subunits
To locate the cellular sites of Tax/IKK interaction, HeLa cells were transfected with Tax, and immunostained with anti-Tax and anti-IKK-a, -b or -g antibodies. Confocal microscopy analysis revealed that Tax was located in two preferential sites ( Figure 1 ): Tax nuclear bodies found in 70-80% of cells including 5-10% of cells displaying an exclusive Tax localization in nuclear bodies; and perinuclear structures found in more than 90% of Tax positive cells including 15-20% of cells displaying an exclusive Tax perinuclear localization. In Tax negative cells, endogenous IKK-a, -b and -g displayed a diffuse staining (Figure 1 ). In contrast, in Tax-transfected cells, endogenous IKK-a, -b and -g colocalized with Tax in the perinuclear structures in 50, 65 and 90% of cells, respectively (Figure 1 ). In 10% of cells, Tax also colocalized with endogenous IKK subunits in Tax nuclear bodies (data not shown). Importantly, in the HTLV-I transformed C8166 cells, endogenous IKK-a, -b and -g subunits also colocalized with endogenous perinuclear Tax, whereas endogenous IKK subunits displayed a diffuse staining in Jurkat cells (Figure 2) . Hence, Tax recruits the three IKK subunits into perinuclear structures.
Colocalization of Tax with endogenous IKK-a, -b and -g subunits in the centrosome To further characterize the nature of the Tax/IKK perinuclear structures, HeLa cells were transfected with Tax, and immunostained with antibodies against Tax, IKK-a, -b or -g as well as with antibodies against the Golgi-matrix protein GM-130, or the centrosomeassociated protein g-tubulin. Triple Tax/IKK/GM-130 staining and confocal microscopy analysis of z-stacks of cell sections, showed perfect perinuclear colocalization of Tax and endogenous IKK subunits, with only partial overlap with GM-130 staining. Indeed, perinuclear concentrates of Tax and IKK were juxtaposed, rather Figure 3A , video 2, and data not shown). This Golgi-juxtaposed domain appears to be the centrosome, because a perfect colocalization between Tax, endogenous IKK-g and the centrosomal protein g-tubulin was always observed in both Tax-transfected HeLa cells (Figure 3b and Supplementary Figure 3B , video 1), and HTLV-I transformed C8166 cells (Figure 3b and Supplementary Figure 3B , video 2). Similar results were observed with endogenous IKK-a and -b (data not shown). To demonstrate the association of the IKK/Tax complex with the centrosome rather than the Golgi apparatus, we used immunoprecipitation analysis. Immunoprecipitation of g-tubulin in Tax-transfected HeLa cells demonstrated an association with Tax ( Figure 3c ). Conversely, immunoprecipitation of Tax or IKK-g co-precipitated g-tubulin, but not GM-130 (Figure 3c ). In contrast, no association between IKK-g and g-tubulin was observed in mock-transfected HeLa cells (Figure 3c ). Similarly, association of endogenous Tax with g-tubulin, but not GM-130, was demonstrated in HTLV-I infected C8166 and HuT-102 cells (Figure 3d ). These data demonstrate that Tax targets the three IKK subunits to the centrosome. Ubiquitylated Tax, but not TNF-a, targets active IKK to the centrosome Tax ubiquitylation is critical for Tax binding to IKK and IKK activation (Nasr et al., 2006) . To investigate whether Tax-induced delocalization of endogenous IKK to the centrosome is similarly dependent on Tax ubiquitylation, HeLa cells were transfected with the NF-kB-defective, or the CREB-defective Tax mutants, respectively, M22 and M47, or with the Tax mutant K4-8R, in which five central lysines of Tax were mutated to arginine. M22 and K4-8R mutants are defective for both Tax ubiquitylation and Tax binding to IKK, but retain the ability to activate the CREB pathway (Nasr et al., 2006) . Conversely, the M47 mutant retains a wild-type phenotype for Tax ubiquitylation and IKK binding, but is defective for CREB activation. Transfected cells were immunostained with antibodies against Tax, IKK-g, and GM-130. Confocal microscopy analysis showed that M47 was present in both nuclear bodies (70% of Tax positive cells) and centrosome (90% of Tax positive cells), and was able to recruit IKK-g to the centrosome, similarly to wild-type Tax (Figure 4a ). Conversely, M22 and K4-8R mutants displayed a diffuse nuclear and cytoplasmic staining, lost the ability to form nuclear bodies (2 and 0% of Tax positive cells, respectively), and were poorly associated to the centrosome (18 and 32% of Tax positive cells, respectively). Importantly, M22 and K4-8R mutants also lost the ability to recruit IKK-g to the centrosome (0 and 1% of Tax positive cells, respectively) ( Figure 4a ). We then used the Tax K4-8R-Ub fusion protein, which contains an ubiquitin moiety that completely restores the ability of the Tax K4-8R mutant to bind and activate IKK (Nasr et al., 2006) . In HeLa cells transfected with Tax K4-8R-Ub, perinuclear delocalization of IKK-g was observed in more than 80% of Tax positive cells (Figure 4a ). Overall, these results directly demonstrate that Tax-induced IKK targeting to the centrosome requires Tax ubiquitylation.
To investigate the effect of another NF-kB stimulus than Tax on IKK localization, HeLa cells were treated with TNF-a and stained with antibodies against RelA, IKK-g and GM-130. We found that IKK-g maintained a diffuse cytoplasmic staining ( Figure 4b) ; hence, demonstrating that IKK targeting to the centrosome is Tax specific, and not a general mechanism of NF-kB activation.
Tax physical interaction with the IKK signalosome occurs in a specific subcellular fraction We next investigated whether ubiquitylated Tax and endogenous IKK are physically associated in the centrosome. To the end, the following cellular fractions were prepared: (1) nuclear fraction (N): lamin positive, LDH negative, b-tubulin negative, g-tubulin negative and GM-130 negative; (2) soluble cytosolic fraction (C): LDH positive, b-tubulin positive, GM-130 negative, with minimal positivity for lamin and g-tubulin and (3) intermediate fraction Figure 1) and in HTLV-I infected HuT-102 cells (Figure 5b ), whereas they could also be detected in the nuclear fraction of Tax-transfected HeLa cells (Figure 5a ). Equal amounts of Tax from the different fractions were immunoprecipitated from Tax-transfected HeLa cells. The three endogenous IKK subunits co-precipitated with Tax in the intermediate fraction, while IKKg was also co-precipitated in the nuclear fraction (Figure 5a ). Importantly, only minimal Tax/IKK interaction was observed in the soluble cytosolic fraction. These results are consistent with the immuno-fluorescence data. Note that this subcellular selectivity for Tax/IKK interaction was no longer observed in cells transfected with exogenous IKK (Supplementary Figure 2) . We also tested IKK/Tax interactions in an endogenous context using the HTLV-I transformed HuT-102 cells. Again, all three endogenous IKK subunits co-precipitated with endogenous Tax in the intermediate, but not the cytosolic, fraction (Figure 5b ). Altogether, these data demonstrate that the centrosome is the preferential cellular site for Tax physical interaction with IKK.
Lastly, we examined the intracellular distribution of active IKK in HuT-102 T cells by preparing cell fractions as above. Unexpectedly, IKK kinase activity was predominantly found in the soluble cytosolic fraction with little activity in the intermediate and nuclear fractions (Figure 5c ). However, we found that addition of the lysis buffer used to prepare the intermediate fraction to total cell extracts, prevents the detection of IKK activity (data not shown), which rendered difficult to conclude on the presence of active IKK in the intermediate fraction. Nevertheless, these experiments reveal that the cytosolic fraction, in which very limited physical interaction between Tax and IKK could be detected (Figures 5a and b) , contains active IKK. Hence, ubiquitylated Tax is required for Tax/IKK interaction in the centrosome, resulting in the release of Tax-free active IKK subunits in the cytosol.
Proteasome inhibition stabilized ubiquitylated Tax and abrogated Tax interaction with IKK Since Tax ubiquitylation is required for centrosome targeting, we investigated the effect of ubiquitin overexpression. HeLa cells were co-transfected with Tax and Ub-HA, or with HA-SUMO3 as a control, and subjected to cellular fractionation. Upon Tax precipitation, ubiquitylated Tax was mostly recovered from both the nuclear and the intermediate fractions (Figure 6a ), whereas sumoylated Tax was exclusively present in the nuclear fraction (Figure 6b, see arrows) . These cells were further analysed by immuno-fluorescence. Overlay analysis demonstrated a complete colocalization of Tax and ubiquitin in the centrosome and a diffuse overlap of Tax and ubiquitin in the nucleoplasm, with distinct ubiquitin-negative Tax nuclear bodies (Figure 6c ). In contrast, co-transfection of Tax with HA-SUMO3 demonstrated the presence of SUMO3 in all Tax nuclear bodies (data not shown), as reported (Nasr et al., 2006) . In addition, Tax-negative SUMO3-containing PML nuclear bodies were also observed (data not shown). Hence, sumoylated Tax proteins are exclusively targeted to nuclear bodies, whereas ubiquitylated Tax are found both as a diffuse population in the nucleus and as concentrated foci in the centrosome, where IKK is also targeted in Tax-positive cells.
We then investigated the effect of proteasome inhibition on Tax/IKK interaction. Treatment of Tax-transfected HeLa cells with PS-341 resulted in a cytoplasmic sequestration of Tax and disappearance of Tax nuclear bodies (Figure 6d) . Similar results were observed in HuT-102 cells (data not shown). Upon PS-341 treatment, perinuclear colocalization of Tax, IKKg and centrosome was lost in 54% of HeLa cells (Figure 6d ). In these cells, ubiquitylated Tax was stabilized upon prolonged exposure to PS-341, whereas sumoylated Tax disappeared (Figure 6e ). That PS-341 significantly reduced Tax-mediated IKK recruitment to the centrosome suggests that it may also affect Tax/IKK interaction. HuT-102 cells were treated with PS-341 and immunoprecipitated with anti-Tax antibodies. Anti-Tax blot revealed a similar amount of precipitated Tax, whereas blotting with anti-IKK-a or -g antibodies showed a significant inhibition of Tax/IKK interaction (Figure 6f ). Similar results were observed when PS-341-treated HuT-102 cells were immunoprecipitated with anti-IKK-a or -g antibodies, and blotted with anti-Tax antibodies (Figure 6f) . Finally, prolonged exposure of HuT-102 cells to PS-341 resulted in accumulation of mono-and poly-ubiquitylated endogenous Tax (Figure 6g ). Upon proteasome inhibition, poly-ubiquitylated proteins are targeted by the histone deacetylase 6 to aggresome-mediated degradation (Nawrocki et al., 2006) . We found that stabilization of poly-ubiquitylated Tax was significantly enhanced by the co-treatment with PS-341 and the histone deacetylase inhibitor, valproic acid and was maintained in the presence of cycloheximide (Figure 6g ). These results suggest that endogenous Tax undergoes ubiquitin dependent degradation by the proteasome.
K63-linked ubiquitin chains are conjugated on Tax and are involved in centrosomal Tax/IKK colocalization That proteasome inhibition reduced Tax/IKK interaction but increased the levels of poly-ubiquitylated Tax suggests the involvement of distinct populations of ubiquitylated Tax. TNF-a-dependent IKK activation is mediated by K63-linked poly-ubiquitylation of RIP1, whereas K48-linked poly-ubiquitylation of RIP1 mediates degradation by the proteasome (Ea et al., 2006; Wu et al., 2006) . To investigate whether Tax is modified by distinct poly-ubiquitylation, we used ubiquitin mutants harboring lysine to arginine mutation on all lysine residues of ubiquitin (Ub-K0), or on all lysine residues except lysine 48 (Ub-K48) or lysine 63 (Ub-K63). HeLa cells were co-transfected with a Tax-6 histidine (6His) construct and wild type or mutated HA-ubiquitin plasmids, and proteins were purified by Ni-NTA using highly stringent conditions as described (Chiari et al., 2004) . It should be pointed out that the two ubiquitin mutants conserve the C-terminal glycine that mediates conjugation of the initial ubiquitin monomer to target lysines. This explains why mono-ubiquitylated Tax species can be detected with both wild type and ubiquitin mutants (Figure 7a ). In contrast, only few poly-ubiquitylated Tax species reacting with the anti-HA antibody were detected in the absence of Tax expression (data not shown) or when the lysineless form of Ub-K0 was produced (Figure 7a ). On the contrary, abundant HA-reactive species were readily detected in cells expressing Tax and the wild-type ubiquitin protein, or the Ub-K63 mutant, indicating the presence of significant K63-linked Tax poly-ubiquitylation (Figure 7a ). Minimal baseline amounts of K48-linked poly-ubiquitylated Tax could be recovered (Figure 7a) . Interestingly, prolonged exposure to PS-341 resulted in a massive stabilization of wild type or K48-linked poly-ubiquitylated Tax, whereas a minimal stabilization of K63-linked poly-ubiquitylated Tax was seen (Figure 7b) . Hence, K48-linked poly-ubiquitylated Tax is degraded by the proteasome, explaining why they were hardly detected in the absence of proteasome inhibition, whereas K63-linked Tax poly-ubiquitylation appears to mediate a non-proteolytic function.
HeLa cells were then co-transfected with a Tax-GFP construct and HA-ubiquitin or HA-ubiquitin mutants, and analysed by confocal microscopy. Perinuclear localization of Tax-GFP was found in cells expressing Tax-GFP and either wild type or K63 ubiquitin whereas co-expression of Ub-K48 mutant resulted in Tax-GFP dispersion into multiple cytoplasmic speckles (Figure 7c ). Treatment with PS-341 massively stabilized Tax-GFP expressed with wild type or K48, but not K63, ubiquitin proteins, confirming the Ni-NTA experiments (Figure 7c ). HeLa cells were also co-transfected with Tax and HAubiquitin or HA-ubiquitin mutants and stained with antibodies against Tax, IKK-g and HA. A perinuclear concentration and co-localization of Tax and IKK-g was observed in cells expressing Tax and wild-type ubiquitin or the Ub-K63 mutant (Figure 7d ). In contrast, coexpression of Tax and Ub-K48 reduced both the perinuclear concentration of Tax and the amount of IKK-g clustered at the centrosome (Figure 7d) . Altogether, these results indicate that K48-linked Tax poly-ubiquitylation mediates Tax degradation by the proteasome and strongly suggest that K63-linked Tax poly-ubiquitylation mediates perinuclear Tax localization and IKK recruitment to the centrosome.
Discussion
We unravel an original complex mechanism for Taxinduced NF-kB activation, in which endogenous IKK subunits are bound by Tax in a centrosome-associated signalosome and are released as Tax-free active forms in the cytosol.
The centrosome controls chromosome segregation, mitosis and intracellular traffic. Tax colocalizes with the centrosome and triggers microtubule reorientation (Nejmeddine et al., 2005) . CREB activation is required for MTOC/Tax orientation to the cell-cell contact region, but not for Tax/MTOC association (Nejmeddine et al., 2005) . That the Tax mutant M47 recruited IKK to the centrosome demonstrates that Tax-induced CREB Harhaj et al. (2007) , recently reported an association between perinuclear IKK and Tax that colocalize to the Golgi, we documented using complementary approaches that Tax/IKK complexes are associated with the centrosome rather than the Golgi apparatus. Our findings that Tax/IKK interaction occurs in the centrosome, unravel a new function for this cellular organelle. The centrosome may indeed serve as an assembly platform that permits the recruitment and concentration of Tax and the different components of the IKK signalosome, resulting in IKK activation. Hence, in Tax-positive cells, the centrosome appears to represent the counterpart of the signalosome assembled on the cytoplasmic tails of TNF receptors during TNF-a-induced NF-kB activation. Tax-induced IKK recruitment to the centrosome is highly dependent upon Tax poly-ubiquitylation. Ubiquitin deficient Tax mutants M22 and K4-8R failed to recruit IKK to the centrosome and conversely, ubiquitin fusion to K4-8R restored IKK targeting to the centrosome. Protein ubiquitylation has been previously reported as a critical step for NF-kB activation either through proteolytic or non-proteolytic mechanisms. ATM-dependent ubiquitylation of IKK-g mediates NF-kB activation by genotoxic stress (Huang et al., 2003) and the deubiquitylation enzyme CYLD negatively regulates NF-kB signaling (Kovalenko et al., 2003) . K63-poly-ubiquitylation of TRAF6 mediates IKK activation by interleukin-1 (Deng et al., 2000) . Moreover, the recruitment of IKK-g to occupy TNF-a receptor, and IKK activation, are both dependent on K63-polyubiquitylation of the signaling intermediate RIP1 (Ea et al., 2006; Wu et al., 2006) . A lysine to arginine point mutation of RIP1 abolished its poly-ubiquitylation and the recruitment of the IKK complex to the TNF receptor (Ea et al., 2006) . This situation is similar to the K4-8R Tax mutation, which abolishes Tax poly-ubiquitylation, IKK activation (Nasr et al., 2006) and IKK recruitment to the centrosome (this manuscript). Wu et al. (2006) showed that IKK-g binds to K63-but not K48-linked poly-ubiquitin, and that single point mutations in IKK-g that prevent binding to K63-linked poly-ubiquitin chains, also abrogate the binding of IKK-g to RIP1 in TNF-a stimulated cells, the recruitment of the IKK complex to the TNF receptor, and IKK activation. We evidenced here that accumulation of poly-ubiquitylated Tax through proteasome inhibition strongly reduced the level of IKK-g associated to Tax. Strikingly, these accumulated Tax products correspond to K48, but not K63, poly-ubiquitylated species. Hence, proteasome inhibition strongly reduced the relative level of K63-poly-ubiquitylated Tax among total Tax in PS-341 treated cells, which is consistent with a role of K63-ubiquitylated Tax in Tax/ IKK interaction. Another evidence is the demonstration that perinuclear localization of Tax-GFP was maintained in the presence of wild type and K63, but not K48, ubiquitin proteins. The reduction of perinuclear Tax/ IKK colocalization in the presence of the K48, but not K63, ubiquitin mutant is also consistent with this hypothesis. Overall, our indications that Tax undergoes K63-poly-ubiquitylation that is involved in Tax-induced IKK recruitment to the centrosome, unifies the molecular mechanisms of IKK activation.
We have previously shown that Tax sumoylation mediates the formation of RelA-enriched Tax nuclear bodies (Nasr et al., 2006) . Recently, Cheng et al. (2006) showed that SUMO-1 modification of centrosomal protein hNinein results in the switch localization from centrosome to nucleus. Interestingly, IKK-g, a key partner of Tax, is also present in a sumoylated form in the nucleus and in an ubiquitylated form in both the nucleus and the cytoplasm (Huang et al., 2003) . IKK-g sumoylation results in its nuclear targeting, which allows subsequent ATM-dependent ubiquitylation of IKK-g to ultimately activate IKK in the cytoplasm. These findings are strikingly similar to the situation identified here for Tax, suggesting that the centrosome and post-translational protein modifications play an important role in Tax/IKK shuttling.
Finally, our identification of an unsuspected cellular and biochemical complexity in Tax-induced IKK activation should allow further mechanistic dissection of Tax-dependent transformation.
Materials and methods
Cell culture and transfection HTLV-I-infected HuT-102 and C8166 and HTLV-I noninfected CEM T cell lines were grown in RPMI 1640 medium. HeLa cells were grown in Dulbecco's modified Eagle's medium. In all cases, the medium was supplemented with 10% fetal calf serum, 2 mM glutamine and antibiotics (all from Gibco, Invitrogen, Paisley, UK). Hela cells were transfected by Lipofectamine 2000 (Gibco) or Effecten (Qiagen, Hilden, Germany), according to the manufacturer's recommendations.
Plasmids and mutagenesis
Tax lysine mutant K4-8R in which the lysines 4-8 of Tax were substituted for arginines, and Tax K4-8R-Ub plasmid generated by the fusion of the ubiquitin coding sequence to the C terminus of Tax K4-8R, have been described previously (Nasr et al., 2006) . In K4-8R-Ub, a mutation of the C-terminal glycine residue of ubiquitin to alanine was introduced to prevent possible conjugation to other substrates. Tax proteins were used with or without an additional C-terminal 6HIS or green fluorescent protein (GFP) extension. M22 and M47 Tax mutants were previously described (Nasr et al., 2006) . HA-ubiquitin expression plasmid and HA-Ubiquitin mutants in which all lysines of ubiquitin (K0), or all lysines except lysine 48 (K48) or lysine 63 (K63), were substituted to arginine, were kindly provided by Dr P. Jalinot (ENS Lyon, France). All mutated constructs were sequenced. HA-SUMO-3 expression plasmid was generously provided by T Kamitani (University of Texas). IKK-b and -g proteins were produced from the pRC-HA-IKKb (gift from Dr SC Sun, Hershey Medical Center) and pCMV-Flag-IKK-g (gift from Dr Sylvie Memet, Pasteur Institute) plasmids respectively.
Drugs and antibodies
The proteasome inhibitor PS-341 (Velcade) was purchased from Jansen Cilag (Lebanon) and was used at 10 nM for 24 h. Valproic acid (Sanofi-Aventis, France) was used at 1 mM for 24 h, and cycloheximide (Sigma-Aldrich, St Louis, MO, USA)
